We study transport through a strongly correlated quantum dot and show that Coulomb blockade can appear even in the presence of perfect contacts. This conclusion arises from numerical calculations of the conductance for a microscopic model of spinless fermions in an interacting chain connected to each lead via a completely open channel. The dependence of the conductance on the gate voltage shows well defined Coulomb blockade peaks which are sharpened as the interaction strength is increased. Our numerics is based on the embedding method and the DMRG algorithm. We explain the emergence of Coulomb blockade with perfect contacts by a reduction of the effective coupling matrix elements between many-body states corresponding to successive particle numbers in the interacting region. A perturbative approach, valid in the strong interaction limit, yields an analytic expression for the interaction-induced suppression of the conductance in the Coulomb blockade regime.
Introduction
The discreteness of the electron charge blocks the transport through a small and relatively isolated conductor (usually referred as a quantum dot) at sufficiently low temperature and bias voltage. This peculiar phenomenon, known as Coulomb blockade, is a paradigm in the physics of small condensed matter systems. The Coulomb blockade can be lifted by tuning a gate voltage to a point of degeneracy, where the energy cost for adding or removing an electron to the system vanishes. The obvious signature of large conductance oscillations as a function of gate voltage makes this phenomenon promising for applications, and at the same time a privileged set-up to investigate interactions in confined systems [1, 2] .
A question that has been present since the beginning of the studies on Coulomb blockade is: what are the minimum ingredients for it to be observed? The repulsive interparticle interaction is clearly one of them, as well as the condition that the charging energy of the dot be greater than the thermal energy k B T or the applied bias eV. Having an almost isolated dot, connected to conducting leads by weakly transmitting contacts like tunnel-barriers, has been thought to be another essential ingredient. Various studies have been undertaken to follow the evolution of the a e-mail: Gabriel.Vasseur@ipcms.u-strasbg.fr b e-mail: Dietmar.Weinmann@ipcms.u-strasbg.fr c UMR 7504 ULP-CNRS.
Coulomb blockade oscillations as the dot becomes better coupled to the leads.
It was in the quantum Hall regime that Coulomb blockade effects in open (well coupled) dots were initially investigated [3, 4] . The existence of spatially separated edge channels made it possible to observe conductance oscillations even in the case in which the point contacts at the entrance of the dot had a conductance G B larger than the quantum conductance G 0 = e 2 /h.
In the absence of the quantum Hall effect, the regime of weak Coulomb blockade, which is intermediate between that of strong Coulomb blockade (G B G 0 ) and the one of a large number of fully open channels (G B G 0 , where no Coulomb blockade can be observed), has been studied [5, 6] . In the regime of weak Coulomb blockade (G B ∼ G 0 ), the precise behaviour of the system depends on the way in which the value of the entrance conductance is obtained. In the case of metallic islands coupled to leads via tunnel-barriers, G B can be of the order of G 0 due to a large number of weakly transmitting channels; while in semiconducting dots coupled to leads via point contacts, conductances G B of the order of G 0 are obtained by increasing the transmission of only a few channels.
Nazarov has shown that charge quantization may persist when the dot is connected to the leads via arbitrary conductors [7], as for example disordered metallic wires, instead of tunnel-barriers. In the general case of a number of not perfectly transmitting channels, the 268 The European Physical Journal B effective charging energy is exponentially small (scaling as exp (−G B /G 0 )). However, the charging energy vanishes if one of the channels is perfectly transmitting.
It is important to make the distinction between perfect transmission and perfect contact. The notion of transmission of the barrier, which should be "measured" between two electrodes, may not be a relevant concept when the barrier is between a dot and an electrode. In this case a perfect contact does not guarantee the absence of reflection, since electrons can be coherently backscattered inside the dot.
Recent works [6, 8] considering open dots have taken into account the coherent backscattering induced by the dot itself. They found that interactions do not modify the average conductance when all the channels are either open or closed (case of ideal contacts). This conclusion is in agreement with an experiment performed on rather large chaotic dots [9] .
Experimentally, Coulomb blockade physics has been observed recently in very small silicon based MOSFETs where the tunnel-barriers are not built-in [10, 11] . It is likely that the Coulomb blockade features of these samples are due either to diffusive leads or to electrostatic potential barriers created between the dot and the leads. It is, however, of interest to study whether it is really necessary to have poor contacts for obtaining the Coulomb blockade. For dots of reduced dimensionality and containing a low number of electrons, we expect electronic correlations to be of crucial importance. Therefore we may ask whether Coulomb blockade can arise even with perfect contacts, due only to strong correlations.
In order to address this question, it is important to go beyond the usual treatment of the interactions in the dot based on the capacitive charging energy. Microscopic models of correlated chains attached to semi-infinite leads have recently been investigated [12] [13] [14] . For good but not perfect contacts, it has been found that Coulomb blockadelike features are reinforced by the interactions. In a quasi one-dimensional system strongly coupled to multichannel leads it was shown [15] that upon increasing the number of lead channels a decreasing number of states remain bound in the system. The resulting jumps in the number of particles as a function of the chemical potential has been interpreted as a signature of Coulomb blockade physics.
In this paper, we present a study of a microscopic model for a strongly correlated quantum dot and show unambiguously that Coulomb blockade arises even in the presence of perfect contacts.
The model and the method are introduced in Section 2. The numerical results presented in Section 3 show that Coulomb blockade appears as the interaction strength increases, even in the absence of potential barriers between the dot and the leads. The features of the peaks and valleys are analyzed in detail in Section 4 using perturbative approaches at weak transmission. In the concluding section, we discuss the implications of our findings and possible extensions of our model in order to approach the current experimental setups. Fig. 1 . The central region of an infinitely long, onedimensional chain. The particles experience nearest neighbour interaction of strength U on sites 1 to LS. Below the chain are sketched the compensating potential of the interaction (see text) and the potential due to the gate voltage Vg.
Embedding method for the conductance of a one-dimensional model
Most of the analytical approaches to Coulomb blockade rely on the so-called constant charging model, where correlations are completely disregarded. The only electronelectron interaction term considered is the capacitive charging energy of the quantum dot. While various refinements, such as the Random Phase Approximation [16] , have been developed to describe the case of small dots with poor screening, treating electronic correlations to all orders is obviously out of reach in any analytical approach. Numerically, various schemes for obtaining the addition spectrum of a quantum dot have been used [17] . However, these calculations of ground state energies cannot capture the richness and complexity of a transport problem, especially for open quantum dots. Even numerically, the transport through strongly correlated systems has remained an intractable problem until recently. The development of the so-called embedding method [18, 19] has been an important advance in this difficult problem. Relating the transport properties of a quantum dot with the thermodynamic properties of the combined system (sample + leads, as we explain in the sequel), allows to extract the conductance through the dot from the numerically accessible ground state energy of the combined system.
The embedding method can readily be used for spinless fermions (spin-polarized electrons) in one-dimensional chains. While the method has been successfully generalized to spin-half electrons [20] , the problem of spinless fermions remains more easily tractable. For these reasons we restrict ourselves in this work to one-dimensional spinless fermions. It is expected that the qualitative aspects of our results apply also in higher dimensions and once we take the electron spin into account.
We consider a model of spinless fermions in a chain, as sketched in Figure 1 . The dot corresponds to a region of length L S in which the particles are interacting. In the rest of the chain, representing the leads of the standard experimental set-up, the particles do not interact. Therefore, far away from the dot, a Fermi energy E F is well-defined. We fix the latter to the centre of the band, corresponding to half filling. The Hamiltonian of the whole system reads
